I. INTRODUCTION AND HISTORICAL BACKGROUND
There is always a reason behind whatever cine does, and that is why, despite the excellent texts and articles in the literature on the appli-1 2 cations of superconductors, ' it is considered relevant in .this introduction to present a brief review of the potential uses of superconductors.
The A-15 phas'e of the Nb-Al-Ge system is a well known material with good superconducting properties. However, much work remains to be done to make possible the use of this compound in practical superconductors. Superconductivity has not as yet made a significant impact on society, but it appears that the time is not too far off. Among the most important probable applications will be AC and DC motors and generators, energy transmission (AC and DC cables), high speed ground transportation (magnetically levitated trains), energy storage, and energy production. The principle behind the high speed transportation is one of generating a repulsive force between moving superconducting train magnets and ordinary metal tracks to suspend the train. This way very high speeds can be attained that would not be possible using conventional wheeled trains. The use of superconductors in AC and DC cables will enable power to be transmitted without losses. Though most of these applications are now in the developmental stages, some are projected to The development of a commercially viable process to fabricate the Nb-Al-Ge superconductor, like all other superconductors with the A-15 structure, presents formidable problems, the reason, as usual, being due to the brittleness of the A-15 phase. The bronze process, which has been used in producing Nb 3 Sn commercially, does not work for this system as a result of the cr-phase which forms in the early stages of the reaction and prevents the formation of the A-15 phase. Attempts have been made to use the Kunzler technique to fabricate it, 12 whereby powders of Nb, Al, and Ge are mixed in the right proportions, sealed in a cupronickel tube, and then cold worked by swaging and rolling, after which the outer cupronickel sheath is removed by etching in nitric acid.
The tape is then reacted to form the A-15 phase. This is not a parti- -3- cularly good method in that quite apart from the fact that the tape so produced is not very flexible, there is little control of the microstructure. 13 Other methods have been tried for producing single filament wires.l4,l5
At the Lawrence Berkeley Laboratory a more promising method of pre- of the Nb-Al-Ge superconducting system prepared by the infiltration method has shown that the critical temperature, Tc, increases as the reaction temperature is increased. 16 Unfortunately though, the LBL group also found that the critical current density, Jc, decreases in that order, that is, it increases as the temperature is lowered. Furthermore the volume fraction of the superconducting A-15 phase formed at the lower temperatures is much smaller than that formed at the higher temperatures as can be seen from Fig. 2 which shows optical micrographs of samples reacted at 1500°G,' 1700°C and 1840°C for land 5 minutes. Consequently, despite the increased critical current density, the overall current-carrying capacity of the superconductor is reduced at the lower temperatures. The reduction in critical current density at the higher temperatures was thought to be due to the lack of pinning centers for the current at those temperatures. When a superconductor is subjected to a magnetic field greater than the lower critical field (Hc Thus it was found necessary to further understand the behavior of the superconducting phase of the Nb-Al-Ge system at those high ternperatures with a view to subsequently finding a means to improve the overall superconducting parameters of the system. This project was then undertaken to study how the A-15 phase increases in thickness and how its grain size varies with time and temperature. This would facilitate a determination whether to use grain boundaries as pinning sites or if it would be necessary to find some other means of pinning the flux lines. In addition, the phase thickness .studies will give an idea as to how long a time or how high a temperature is necessary for a reasonable current-carrying capacity, given a particular value of Jc. The system under consideration was found to have four phases at the times and temperatures studied by Pickus, et al.l6 What influence the reaction times and temperatures would have on the interactions of these phases was another area that was considered necessary to study. Most of these methods could have been used in the present study, though with varying degrees of difficulty.
Due to its simplicity, the infiltration technique was found. to be the most appropriate method for the study. A variation of this method which looks even simpler on the surface is the coating method _where aso.lid niobium rod would be dipped into molten Al-Ge eutectic for a reasonable time, pulled out, and shaken to remove excess eutectic adhering to the rod. Samples of the coated rod could then be cut and reacted for examination. Despite the apparent ease of operation, such a method would require several reactions at a given temperature and time in order to give a statistical meaning to the measured parameters.
With the infiltration technique, due to the porous nature of the dipping rod, a given sample affords the opportunity of studying several reacting regions randomly dispersed in the sample as can be seen from Before the Nb rod was sintered, however, the cleaned eutectic was placed below the Abar furnace in the arrangement shown in Fig. 3 . A graphite crucible was used for quick and uniform transfer of heat from the heating element to the eutectic.
As the sintered rod was allowed to cool, the eutectic was heated to 600°C (its melting temperature is 424°C). With the eutectic melted and at 600°C and the rod also at about 600°C, the latter was lowered In reacting, each specimen was suspended from a tantalum rod as described above, but this time the specimen was shielded from the heating element while the furnace was heated to the required temperature.
Before heating, the furnace was evacuated to a pressure less than 10-5 mm Hg and afterwards back-filled with helium to prevent excessive evaporation of aluminum during reaction at the high temperatures. Under steady state conditions, the sample was lowered to the heating zone for the required time and then raised back and again shielded from the heat while it cooled.
C. Sample Analysis
Reacted samples were mounted in Kold Mount resin, ground and sub~ sequently polished on a series of Buehler grinders, proceeding from the.
coarsest to the finest. Final polishing was done on a rotating wheel -10-containing 9.05 micron Gamma Alumina dispersed in distilled water. Etching was done using a solution of sulphuric acid, hydrofluoric acid, and water, mixed in equal proportions and to which a few drops of hydrogen peroxide had been added.
Etching was found to be one of the crucial stages involved in the analysis. For measurement of the A-15 phase thickness, short etching times were found to be necessary since deep (or longer time) etching caused the A-2 solid solution phase (see Section 4) to cast a shadow on the A-15 phase thickness when examined metallographically. In regard to this aspect of the analysis, samples reacted for shorter times at lower temperatures had to be etched much faster than those reacted at higher temperatures for longer times. On the other harid, much longer etching times were found to be necessary to reveal the grain boundaries clearly. The foregoing is just meant to serve as a guideline for etching specimens and no specific times can be outlined here since much depends on the specimen being etched, the etch being used, and how good a polishing has been done. How successfully one does it will depend on experience.
To facilitate phase identification, etched samples were anodized in a Pickleshimer solution (240 ml ethyl alcohol, 140 ml water, 20 m1 phosphoric acid, 40 ml lactic acid, 80 gm citric acid, and 80 ml glyc- From these measurements the average grain size can be calculated using a standard magnification factor. 1 9 This is an accurate method, but not as simple as the previous one.
The third method, the Linear Intercept method, is quite commonly used. It can be used for non-equiaxed grains, is simple, accurate arid On closestudyof the above methods and the specimen under study it was realized that none of them would be suitable for the system being analyzed. As can be seen from Fig. 2 at low temperatures and short reaction times, say 1500°C for 5 minutes, the microstructure of the specimen was such that a fair comparison could not be made between the A-15 grains (the phase forms small circular bands at several portions of the photomicrograph) and the ASTM charts (which completely fill the micrographs). Also an adequate number of lines could not be clearly drawn -13-on the A-15 phase for these specimens to enable the linear intercept method to be used. Even though it would have been possible to use either of these methods for some of the high temperature -longer time reactions,-it was decided t"t.tat a new method of analysis had to be used that would be applicable to both types of samples.
The approach adopted in this analysis, even though not a standard method, still gives a measure of the grain size variation with time and temperature, which is the objective of this study. Each grain size was measured in two directions normal to each other with vernier calipers,.
and the readings averaged to give the size of that particular grain.
:Several grains were measured from each sample as well as other samples.
at the same time and temperature conditions and averaged. The phase thickness and grain size average values obtained are listed in Table II .
The temperature range investigated was·selected on the basis of a previous investigation which had shown that critical temperatures obtained for reaction temperatures below 1300°C were not significant c.ompared to those for higher temperatures,l6 and that they actually increase with increasing temperature. 1840°C was the highest temperature selected for investigation since the highest temperature to which the system can be subjected without partial melting is 1870°C~ the 30°C difference being used to allow for possible temperature fluctuation.
Phase identification was done on etched but unanodized specimen using a scanning electron microscope equipped with an EDAX (Energy Dispersive Analysis of X-rays).
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IV. RESULTS AND DISCUSSION

A. Growth of the A-15 Phase
The growth of the superconducting A-15 phase is. shown in Fig. 6a where the phase thickness is plotted against the reaction time. The graphs show a rapid increase in the A-15 phase thickness during the early stages of a reaction, the rate reducing substantially at long reaction times, even though the phase continues to grow. This growth rate is seen to be more rapid at higher reaction temperatures -a result of the higher thermal energy available for diffusion of atoms of the component elements at those temperatures. The growth rates observed could be explained by the fact that the A-15 phase is sandwiched between phases rich in Nb on one side and rich in Al and Ge on the other side, so that as growth proceeds, the diffusion path increases and the rate of growth therefore decreases. The graphs also show that for a given time, a greater phase thickness is obtained for the higher temperatures. In other words, to obtain a specific volume fraction or thickness, longer reacting times will be required for the lower temperatures and at 1300°C
or below, the time may be unusually long.
The growth process involved here is a rather complex one since it comprises different processes at various stages of a reaction. At short The points were fitted with straight lines using the linear least squares analysis with a degree of fit of the order of± 0.96 (Table III) which shows a good straight line relationship between the points. The This reduction in growth rate must be due to the involvement of other processes as discussed above. The conclusions drawn from the growth data obtained for this system which is ternary and not dilute may be substantially different from those drawn from the existing theories.
A plot of measured grain sizes against reaction times for the various temperatures, isothermal grain growth curves, are shown in Fig. 7a .
Unlike the phase growth considered in the previous section in which the A-15 phase shows a tendency for continuous growth, the graphs here show growth processes that tend to level off at long reacting times. This indicates a tendency towards zero growth rate at long reacting times and could be due to a change in the grain boundary structure from one that is highly mobile in the early stages of a reaction to a virtually stagnant one. In addition, the critical grain size (ie. value of grain size at which the curves level off) is found to depend on the reacting temperature, increasing as the temperature is increased. This and the fact that the growth rate in the early stages is much higher for the higher temperatures (steeper curves) can be explained on the basis of the process being a thermally activated one so that there is more thermal energy available at those temperatures, enabling the atoms to move with much greater velocities. It also explains why at lower temperatures, longer reacting times are required to attain the critical grain size. Thus if one wants to obtain a given grain size for a specimen,
it has to be reacted for longer times at lower temperatures than at higher temperatures, arid if the required grain size happens to be greater than the critical size at the temperature in question, then it will not be obtained at all.
Another interesting phenomenon that can be observed from the graphs is the change in grain size from 1500°C to 1700°C, a 200°C temperature difference, and that from 1700°C to 1840°C, a difference of 140°C. The change is found to be much greater for the latter than the former, an effect which is more clearly seen from the isochronal curves in Fig. 7b . This is due to an abnormal grain growth; manifesting itself in a steep rise in the isochronal curves at about 1720°C -tol740°C. The temperature at which,it starts is slightly higher fot the shorter reaction time (5 min.) than for the longer time (15 min.).
On replotting the data in Fig. 7a on a log-log plot, the points were found to be on straight lines for the time range studied, Fig. 7c .
This depicts a power growth law of the form:
Where G = Average Grain Size K = Rate Constant t = reaction time n = growth law index
The straight lines were fitted to the points using the linear least squares analysis with a degree of fit of the order of± 0.97, Table III . The growth law indices lie between 0.33 and 0.46, increasing with increasing temperature and this clarifies the earlier assertion that the growth rate increases with increasing temperature. 
4.
A-2 phase (Nb solid solution)
All four phases generally exist in the early stages of a reaction irrespective of the temperature and are disposed as shown in Fig. 8a , which is a scanning electron micrograph of a specimen reacted at 1700°C for 5
seconds. The Ge-rich phase forms the innermost layer, surrounded immediately by the Al-rich sigma phase, then the superconducting A-15 phase.
All three phases are embedded in the niobium solid solution.
As the reaction proceeds at a given temperature, the Al-rich phase gradually transforms to the A-15 phase and, as Fig. 8b shows, only three phases, the Ge-rich, A-15, arid the A-2 phases are left after reacting at 1700°C for 1 minute. At still longer reaction times the Ge-rich phase is also transformed leaving only the A-15 phase in a matrix of niobium Table IV shows a trend towards stoichiometric composition as the reaction temperature is increased for a given time. These are areas that could be further studied to bring out the full potential of the Nb-Al-Ge superconducting system. 
